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ABSTRACT The Lyme disease spirochete Borrelia burgdorferi is unique among bacte-
ria in its large number of lipoproteins that are encoded by a small, exceptionally
fragmented, and predominantly linear genome. Peripherally anchored in either the
inner or outer membrane and facing either the periplasm or the external environ-
ment, these lipoproteins assume varied roles. A prominent subset of lipoproteins
functioning as the apparent linchpins of the enzootic tick-vertebrate infection cycle
have been explored as vaccine targets. Yet, most of the B. burgdorferi lipoproteome
has remained uncharacterized. Here, we comprehensively and conclusively localize
the B. burgdorferi lipoproteome by applying established protein localization assays to
a newly generated epitope-tagged lipoprotein expression library and by validating the
obtained individual protein localization results using a sensitive global mass spectrome-
try approach. The derived consensus localization data indicate that 86 of the 125 an-
alyzed lipoproteins encoded by B. burgdorferi are secreted to the bacterial surface.
Thirty-one of the remaining 39 periplasmic lipoproteins are retained in the inner mem-
brane, with only 8 lipoproteins being anchored in the periplasmic leaflet of the outer
membrane. The localization of 10 lipoproteins was further defined or revised, and 52
surface and 23 periplasmic lipoproteins were newly localized. Cross-referencing prior
studies revealed that the borrelial surface lipoproteome contributing to the host-
pathogen interface is encoded predominantly by plasmids. Conversely, periplasmic lipo-
proteins are encoded mainly by chromosomal loci. These studies close a gap in our un-
derstanding of the functional lipoproteome of an important human pathogen and set
the stage for more in-depth studies of thus-far-neglected spirochetal lipoproteins.

IMPORTANCE The small and exceptionally fragmented genome of the Lyme disease
spirochete Borrelia burgdorferi encodes over 120 lipoproteins. Studies in the field have
predominantly focused on a relatively small number of surface lipoproteins that play
important roles in the transmission and pathogenesis of this global human patho-
gen. Yet, a comprehensive spatial assessment of the entire borrelial lipoproteome
has been missing. The current study newly identifies 52 surface and 23 periplasmic
lipoproteins. Overall, two-thirds of the B. burgdorferi lipoproteins localize to the sur-
face, while outer membrane lipoproteins facing the periplasm are rare. This analysis
underscores the dominant contribution of lipoproteins to the spirochete’s rather com-
plex and adaptable host-pathogen interface, and it encourages further functional explo-
ration of its lipoproteome.
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Bacterial lipoproteins are a class of membrane proteins that are peripherally an-
chored via an N-terminal lipid modification in the bacterial envelope, where they

assume a variety of biological roles (reviewed in references 1–3). First translated as
unmodified precursors in the cytoplasm, they are exported across the cytoplasmic
membrane through recognition of an N-terminal signal peptide (4, 5). Export in an
unfolded conformation occurs via the general secretory (Sec) pathway (6, 7), or less
commonly after folding in the cytoplasm through the twin-arginine transport (TAT)
pathway (8–12). In the periplasm, the lipoprotein precursor is posttranslationally mod-
ified by attachment of a diacylglycerol moiety to the sulfhydryl group of a conserved
Cys residue, which is the first residue following the N-terminal signal peptide (13). The
signal peptide is then removed by a specialized signal II/leader sequence peptidase
(Lsp) (14), at which point the lipoprotein may be additionally modified by attachment
of an acylglycerol to the now-free amine group of the new N-terminal cysteine by the
Lnt enzyme (15–18). This final step is most common in Gram-negative bacteria and is
uncommon in Gram-positive organisms (19, 20). In bacteria with a double-membrane
(diderm) architecture, such as Escherichia coli or Pseudomonas spp., the mature lipo-
protein can either be retained in the cytoplasmic inner membrane (IM) or exported to
the outer membrane (OM), which is most frequently performed through the actions of
the lipoprotein outer membrane localization (Lol) pathway (21–26).

Some Gram-negative bacteria express surface-exposed lipoproteins (27–45) but,
with the exception of recently discovered surface lipoproteins in the phylum Bacte-
roidetes (43, 45), they remain relatively rare. In the Gram-negative model organism E.
coli, only 7 of the about 90 expressed lipoproteins (46, 47) were detected on the
bacterial surface but remained restricted to a proportion of total protein and certain
protein domains, indicating rather complex and dynamic OM topologies (39, 42, 48–52).

Borrelia burgdorferi, the spirochetal agent of tick-borne Lyme borreliosis, has a
diderm envelope architecture that is similar to but distinct from the one found in
Gram-negative bacteria (53). By one estimate, about 8% of the genome of B. burgdorferi
type strain B31 encodes 127 distinct potential lipoproteins (54). While studies have
identified a wide gamut of biological functions for these lipoproteins, the early iden-
tification of major and immunodominant surface lipoproteins facilitating the enzootic
cycle of Lyme borreliosis led to a focused effort to identify and characterize additional
lipoproteins at the interface of the pathogen with its vector and host (55). This resulted
in the identification, characterization, and localization of 49 lipoproteins, most of them
being surface proteins (56–86) (Table 1).

Our own earlier work on lipoprotein sorting in B. burgdorferi showed that surface
secretion signals of Borrelia surface lipoproteins were encoded within their disordered
N-terminal tether peptides, but the analysis failed to identify any specific primary
sequence motifs within wild-type tethers that would predict localization as the “�2/
�3/�4” rule does for periplasmic lipoproteins in other eubacteria (87–90). Based on a
large set of lipoprotein tether mutants (57, 76, 91–94), we concluded that the diverse
surface lipoprotein tether peptides were essential for maintaining surface lipoproteins
in a secretion-competent conformation, most likely by triggering protein-protein inter-
actions with a periplasmic holding chaperone in a mechanism that could be similar to
the high-affinity, low-specificity interaction of diverse signal peptides released from
the ribosome with the cytoplasmic chaperone SecB (95–98). Yet, it remained entirely
possible that spirochetal lipoprotein sorting motifs remained obscured by the rather
limited and surface-biased data set of already-localized B. burgdorferi lipoproteins.

To remove this limitation in our data set and to gain a better understanding of a
spirochetal cell envelope composition and structure, we therefore decided to further
explore the spatial distribution of the B. burgdorferi lipoproteome. Using a library of
epitope-tagged lipoproteins expressed by individual B. burgdorferi clones, we localized
each lipoprotein to a distinct cellular compartment. We then validated our results using
quantitative mass spectrometry of the endogenously B. burgdorferi lipoproteome ex-
pressed under standard culture conditions. Finally, we cross-referenced our results with
existing data on the temporal expression and immunogenicity of B. burgdorferi proteins

Dowdell et al. Journal of Bacteriology

March 2017 Volume 199 Issue 6 e00658-16 jb.asm.org 2

http://jb.asm.org


TABLE 1 B. burgdorferi lipoproteome localization dataa

ORFb

Protein
namec

Localizationd
dNSAF
ratioe

Previous
localization
(reference)f

Molecular mass
(kDa)

Paralogous family
(no.)g

In vivo differential
expressionh ImmunogenicityiConsensus His tag Predicted Observed

BB0028 P-OM S● 0.70 P-OM (56) 40 38
BB0141 BesA P-IM P-IM 0.59 35 39
BB0144 ProX P-IM P-IM 0.79 33 32
BB0155 P-IM P-IM ND 44 41
BB0158 S2 S S 10.34 27 27 S2 (44)
BB0171 S S ND 23 20
BB0193 P-IM P-IM 2.22 29 28
BB0213 S S 1.21 26 26
BB0215 PstS P-IM P-IM 1.04 31 30 �
BB0224 P-IM P-IM ND 11 12
BB0227 P-IM P-IM 0.57 P-OM (57) 27 26
BB0298 P-IM P-IM 0.37 P (58) 26 26
BB0323 P-OM P-IM 0.47 P-OM (59) 44 14 �
BB0324 P-OM P-OM 0.69 P-OM (56) 14 16
BB0328 OppA1 P-IM P-IM 0.57 S (60) 60 59 OppA (37) �
BB0329 OppA2 P-IM P-IM 0.94 S (61) 61 60 OppA (37) �
BB0330 OppA3 P-IM P-IM 0.92 62 57 OppA (37)
BB0352 S S ND 44 39
BB0365 IpLA7 P-IM P-IM 0.57 P-IM (62) 22 21 TA, TP �
BB0382 BmpB P-IM P-IM 1.16 S (63) 38 34 Bmp (36)
BB0384 BmpC P-IM P-IM 0.45 40 39 Bmp (36)
BB0385 BmpD P-IM P-IM 0.89 37 38 Bmp (36) �
BB0398 P-IM P-IM 0.00 41 36
BB0456 P-IM P-IM 0.12 24 23
BB0460 P-OM P-OM 2.02 28 29 VT, VP
BB0475 P-OM P-OM ND 15 13
BB0536 ND ND 0.67 108 ND
BB0542 P-IM P-IM 1.26 22 19 VT
BB0628 P-IM P-IM 0.00 27 26
BB0652 SecD P-IM ND 0.18 65 ND �
BB0664 P-IM P-IM 0.70 26 28
BB0689 S S 19.87 S (58) 18 17 VT
BB0758 S S ND 25 26 VP
BB0806 P-IM P-IM 1.22 58 53
BB0823 S S ND 14 17 VP
BB0832 P-IM P-IM 0.73 31 27
BB0844 P-IM P-IM ND 37 38 BB0884 (12) VP �
BBA03 P-IM P-IM 0.70 S (64) 19 17 �
BBA04 S2 S S ∞ 32 33 S2 (44) VT �
BBA05 S1 P-IM P-IM 1.83 P (65) 49 52
BBA07 ChpAI S S ∞ S (66) 18 21 VT �
BBA14 S S● 0.63 14 14 OrfD (143) VP
BBA15 OspA S S 65.42 S (67) 29 31 OspAB (53) TA, TP �
BBA16 OspB S S 185.84 S (68) 32 34 OspAB (53) TA, TP, VT �
BBA24 DbpA S S 5.95 S (69) 21 21 VT, VP
BBA32 S S ND 8 13
BBA33 S S ND S (70) 21 19 VP
BBA34 OppA5 P-IM P-IM 0.74 P (71) 61 59 OppA (37) VP �
BBA36 S S ND S (58) 24 23 VP �
BBA57 S S 0.62 S (72) 47 56 VP �
BBA59 S S 2.93 9 18 TA, TP, VT
BBA62 Lp6.6 P-OM P-OM 0.59 P-OM (73) 8 13 TA, TP, VT
BBA64 P35 S S 6.23 S (58) 34 32 P35 (54) �
BBA65 S S● ND S (74) 32 26 P35 (54)
BBA68 CspA S S 24.36 S (75) 29 27 P35 (54)
BBA69 S S ∞ S (58) 30 31 P35 (54) VP
BBA72 P-IM P-IM ND 9 13
BBB08 S S 0.61 25 27
BBB09 P-OM P-OM ND 41 36 VT �
BBB16 OppA4 P-IM P-IM 0.61 P-IM (76) 61 58 OppA (37) �
BBB19 OspC S S 7.86 S (77) 22 22 VT �

(Continued on following page)
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TABLE 1 (Continued)

ORFb

Protein
namec

Localizationd
dNSAF
ratioe

Previous
localization
(reference)f

Molecular mass
(kDa)

Paralogous family
(no.)g

In vivo differential
expressionh ImmunogenicityiConsensus His tag Predicted Observed

BBB25 S S● 0.52 19 18 VP
BBB27 P-IM P-IM 1.25 P-OM (57) 22 21
BBC10 RevB S S ND 20 19 Rev (63) �
BBD10 S S 1.83 23 21
BBE04 S S ND 5 13 54
BBE08 S S ND 6 8
BBE31 P35 S S ∞ S (78) 28 27 P35 (60) VT
BBF01 ErpD S S ND 37 50 ErpB (163)
BBF20 S S 1.84 11 14
BBG01 S S 73.49 35 31 BB0884 (12) VP
BBG25 P-OM P-OM ND 15 15 OrfD (143) VP
BBH01 S S ND 8 13 BBH01 (166) VP
BBH06 CspZ S S● 0.74 S (79) 27 26 CRASP-2 VP �
BBH18 S S 5.94 43 43
BBH32 P35 S S 8.36 29 22 P35 (60)
BBH37 S S 62.20 33 37 BB0884 (12) VP
BBI14 S S ND 4 8 60 VP
BBI16 VraA S S ∞ S (80) 54 75 P35 (60)
BBI28 S S ND 22 21 P35 (60) VP
BBI29 S S 8.94 26 27 P35 (60) TA, TP, VT
BBI36 P35 S S 85.93 32 37 P35 (54)
BBI38 S S 0.00 32 38 P35 (54) VP
BBI39 S S 56.21 33 37 P35 (54) VP
BBI42 S S ND S (58) 21 20 BBI42 (52) VP �
BBJ01 S S ND 7 11 P35 (60)
BBJ09 OspD S S 22.89 S (81) 28 29 VP
BBJ34 S S 142.70 40 41 CRASP-2 (92) VP
BBJ36 S S ∞ 40 35 CRASP-2 (92)
BBJ41 P35 S S ND 33 37 P35 (54) VP
BBJ47 P-IM P-IM ND 27 26
BBK01 S S 97.29 34 38 BB0884 (12) VP
BBK07 S S ∞ S (82) 28 31 BBK07 (59) �
BBK12 S S ND 26 31 BBK07 (59) �
BBK19 S S 39.92 24 30 �
BBK32 Fbp S S ND S (83) 41 48 �
BBK48 P37 S S ND 33 40 P37 (75)
BBK50 P37 S S 10.42 37 46 P37 (75)
BBK52 P23 S S ND 33 30 S2 (44) �
BBK53 S S ND 21 20 BBI42 (52) VT �
BBL28 MlpH S S ∞ 17 19 Mlp (113)
BBL39* ErpN S S 10.87 S (84) 20 19 ErpA (162) �
BBL40* ErpO S S 1.03 S (84) 44 ND ErpB (163) VT �
BBM27* RevA1 S S 0.93 S (85) 18 ND Rev (63) VP �
BBM28 MlpF S S ND 17 15 Mlp (113)
BBM38 ErpK S S ND S (84) 29 37 ErpG (164)
BBN28 MlpI S S ND 16 18 Mlp (113) VP �
BBN38 ErpP S S 38.48 S (84) 21 20 ErpA (162) �
BBN39 ErpQ S S ∞ S (84) 39 55 ErpB (163) �
BBO28 MlpG S S ND 16 16 Mlp (113)
BBO39 ErpL S S ND S (84) 26 29 ErpG (164) �
BBO40 ErpM S S 0.61 S (84) 42 40 ErpB (163) �
BBP27 RevA2 S S 0.93 S (85) 18 18 Rev (63) VP
BBP28 MlpA S S 3.16 16 19 Mlp (113) VP
BBP38 ErpA S S 10.87 S (84) 20 18 ErpA (162)
BBP39 ErpB S S 1.03 S (84) 44 61 ErpB (163) VP �
BBQ03 S S ND 21 19 BBI42 (52) VP �
BBQ05 P35 S S 1.22 29 30 P35 (60) VP
BBQ35 MlpJ S S 1.83 24 21 Mlp (113) �
BBQ46 ND ND ND 4 ND
BBQ47 ErpX S S● ND S (84) 40 28 ErpB (163) VP
BBQ89* S S ND 8 11 BBH01 (166)

(Continued on following page)
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to provide a basis for further studies in microbial pathogenesis, lipoprotein structure-
function, and vaccine development.

RESULTS
Generation of an epitope-tagged lipoprotein expression library in B. burgdor-

feri. Our long-standing interest in understanding the biogenesis of spirochetal enve-
lopes, particularly the sorting mechanisms for the numerous and abundant B. burgdor-
feri lipoproteins (1, 57, 76, 91–94, 99), has been continually thwarted by the quite
limited and biased data set of characterized lipoproteins. As shown in Table 1, 49 B.
burgdorferi lipoproteins have been localized independently to date, with over two-
thirds of them found on the bacterial surface. We therefore set out to comprehensively
localize the published list of proteins that are predicted to make up the B. burgdorferi
lipoproteome (54). This list was compiled by training a computer algorithm (SpLip)
on a set of spirochetal proteins that had been experimentally verified to be lipidated,
and then using that trained algorithm to scan the published genome of B. burgdorferi
B31 (100, 101). A total of 127 putative open reading frames (ORFs) were annotated as
probable, possible, or false-negative lipoproteins (54). These 127 ORFs were used as our
working lipoproteome for the creation of a C-terminally histidine-tagged expression
library. This approach allowed us to use a single commercial blotting reagent (HisProbe-
HRP) (HRP, horseradish peroxidase) to probe the entire lipoprotein library, bypassing
the need to generate individual and validated lipoprotein-specific antibodies.

B. burgdorferi B31-e2 clones expressing each individual epitope-tagged lipoprotein
were obtained as described in Materials and Methods. Of the 127 lipoproteins that were to
be cloned, three (BB0536, BB0652 [SecD], and BBQ46) showed no expression of His-
tagged protein in multiple B. burgdorferi clones; all clones contained the respective
recombinant plasmid when assayed by PCR and DNA sequencing, indicating that the lack
of expression was not due to absence of plasmid or mutation of the promoter or coding
sequence. These three ORFs were not pursued further. In addition, four pairs of
lipoproteins were found to be 100% identical in their mature processed sequences
when analyzed by sequence alignment (T-Coffee [http://www.tcoffee.org/]) (102):
BBP38 (ErpA) and BBL39 (ErpN), BBP39 (ErpB) and BBL40 (ErpO), BBP27 (RevA) and
BBM27 (RevA), and BBH01 and BBQ89. As it is all but certain that proteins with identical

TABLE 1 (Continued)

ORFb

Protein
namec

Localizationd
dNSAF
ratioe

Previous
localization
(reference)f

Molecular mass
(kDa)

Paralogous family
(no.)g

In vivo differential
expressionh ImmunogenicityiConsensus His tag Predicted Observed

BBR28 MlpD S S 1.06 16 16 Mlp (113) VP
BBR40 ErpH S S ND 4 9 162 VP
BBR42 ErpY S S ∞ S (84) 25 27 ErpG (164) VP �
BBS30 MlpC S S 6.55 17 16 Mlp (113) �
BBS41 ErpG S S ∞ S (86) 22 23 ErpG (164) VP �

aLocalization data from the current study were reconciled with previously published data and data from genome-wide studies of in vivo gene expression, protein
immunogenicity, and requirement for in vitro growth. A Microsoft Excel version of this table is available upon request.

bOpen reading frame (ORF) for assayed lipoprotein (100, 101). *, ORFs that were identical in mature sequence to other analyzed ORFs (Fig. 1; see also the text).
cCommon protein name used in the literature.
dConsensus, determined consensus localization of the assayed lipoproteins, as described in the text. S, surface; P-OM, periplasmic outer membrane; P-IM, periplasmic
inner membrane; ND, not determined. His tag, determined localization of the C-terminally His-tagged proteins (Fig. 1 to 3). Localizations followed with a dot indicate
that the His-tagged protein was resistant to proteinase K (Fig. 1) but not pronase (Fig. 3).

edNSAF ratio (dNSAF�pK/dNSAF�pK) determined by MudPIT analysis (see the text). ∞, infinite value due to lack of detection of any peptides after pK treatment, i.e.,
division by 0.

fPreviously determined and published lipoprotein localization.
gParalogous family (represented by the key member) and number according to Casjens et al. (101).
hObserved in vivo expression pattern according to Iyer et al. (126). Transcripts that showed significant elevation in the fed larval stage relative to at least one other
stage were classified as important for tick acquisition (TA) and/or tick persistence (TP), as the corresponding genes were upregulated in the transition from infected
mice to naive larvae. Transcripts that showed significant elevation in the fed nymph stage relative to at least one other stage were associated with vertebrate
transmission (VT), based on their apparent importance for the spirochete’s passage from the feeding nymph to the naive mouse. Finally, transcripts that were
significantly elevated in dialysis membrane chambers (DMCs) relative to at least one other stage were considered necessary for vertebrate persistence (VP), given
their induction in a quasi-steady-state mammalian environment.

iProtein immunogenicity as determined by Barbour et al. (125).
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primary sequences localize identically (1), each of these pairs is represented by a single
member (the first ORF listed of the pair). This resulted in an assayed data set of 120
unique lipoproteins covering 124 members (or 98%) of the predicted B. burgdorferi
lipoproteome.

Initial assignment of lipoproteins to the bacterial surface based on proteinase
K accessibility. We used an established and validated stepwise experimental protocol
to individually localize each epitope-tagged lipoprotein within the spirochetal cell
envelope. As described, we first subjected each recombinant B. burgdorferi clone to in
situ surface proteolysis (or “proteolytic shaving”) with proteinase K (pK), a membrane-
impermeable nonspecific protease that selectively digests surface lipoproteins in the
context of an intact OM (57, 76, 94). Surface lipoprotein OspA was used as a positive
control, as it is readily degraded by proteinase K under the assay conditions. Conversely,
the periplasmic flagellar protein FlaB was used as a negative control to ascertain OM
integrity of the assayed cells. The His tag epitope was used to assess the sensitivity of
the tagged lipoprotein to proteinase K, assuming that the localization of the C-terminal
His tag mirrors that of the lipoprotein itself. Of note, C-terminal processing of secreted
proteins in B. burgdorferi is rather specific and limited to a small set of proteins (103,
104), and C-terminal tags are not known to alter lipoprotein localization (57, 105).
Lipoproteins that lost the His tag signal upon proteolysis were considered to be surface
exposed (S), whereas lipoproteins that showed no loss in signal relative to the controls
were considered to localize to the periplasmic (P) face of the OM or inner membrane
(IM). Compiled Western blotting results for each of the assayed lipoproteins are shown
in Fig. 1, organized by ascending ORF nomenclature. Of the 124 lipoproteins covered
by the analysis, 83 lipoproteins were classified as surface exposed, while 41 lipoproteins
were considered to localize to the periplasm. Interestingly, a subset of lipoproteins
exemplified by the Mlp protein family showed only partial degradation of the His tag
after proteinase K treatment (Fig. 1). This could indicate that only fractions of these
lipoproteins are exported to the surface. Alternatively, it could reflect the lipoproteins’
native folding, which may render their C termini less accessible to protease in the
context of the spirochetal envelope.

Initial assignment of periplasmic lipoproteins to the outer or inner membrane
by membrane fractionation. Recombinant B. burgdorferi clones that expressed
epitope-tagged lipoproteins protected from surface proteolysis with proteinase K were
subjected to membrane fractionation. OM vesicles (OMVs) and protoplasmic cylinder
(PC) fractions were obtained as described in Materials and Methods by incubating
harvested cells in a hypotonic citrate buffer, followed by loading on a stepwise sucrose
gradient. Note that due to the not entirely efficient separation of the OM during the
process (106), the PC fraction should be interpreted as a partially OM-depleted whole-cell
protein fraction. Thus, the surface/OM control OspA is abundant in the OMV fractions but
also detected in the PC fractions (57, 76). In contrast, the inner membrane lipoprotein
OppAIV can be used as a control to assess the purity of the OMV preparation, as it should
be absent from an ideal OMV preparation. A lipoprotein was scored as an OM component
if the His tag was detected in the OMV fraction in a ratio similar to the OspA control.
Absence or only traces of a His tag signal from the OMV fraction indicated that the
lipoprotein was retained in the inner membrane. As shown in the Western immunoblots in
Fig. 2, 31 of the 40 lipoproteins assayed showed an OppAIV-like fractionation pattern, i.e.,
they were retained in the IM. Conversely, 9 lipoproteins were detected in appreciable
amounts in the OMV fraction, indicating that they were released to the OM.

Reassessment of select OM lipoproteins for potential intrinsic proteinase K
resistance. The lipoprotein BBQ47 (ErpX) was previously established as a surface-
exposed but intrinsically proteinase K-resistant protein (84). Consequently, the ErpX-
expressing B. burgdorferi clone was not subjected to membrane fractionation despite
the protein’s apparent resistance to proteinase K. Yet, this example raised the specter
that other surface lipoproteins may have been erroneously scored as OM periplasmic
lipoproteins due to their resistance to proteinase K. We therefore reevaluated the 9
lipoproteins in our initial periplasmic OM (P-OM) lipoprotein data set using pronase, a
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mixture of nonspecific proteases that has been shown to digest B. burgdorferi proteins
that are otherwise protease resistant (84, 107). ErpX was used as a control.

As shown in Fig. 3A, pronase treatment led to complete degradation of OspA, while
FlaB remained intact, indicating that assay conditions lead to selective removal of
surface-exposed proteins. Parallel treatment of B. burgdorferi B31-A3 cells and staining
of SDS-PAGE-separated protein samples by Coomassie (Fig. 3B) indicated almost indis-
tinguishable overall proteolysis patterns between proteinase K (pK) and pronase; the
only appreciable difference in the pronase-treated sample was the absence of a 51-kDa
band that has been attributed to a proteinase K-resistant fragment of the OM porin P66
(108). As expected, the control protein BBQ47 (ErpX) was largely susceptible to degra-
dation by pronase. Three additional lipoproteins, BBA14, BBA65, and BBB25, showed
selective degradation by pronase as well. The remaining 6 lipoproteins were found to
be pronase resistant in the context of intact cells (Fig. 3A) but readily digested and
undetectable when the cells were permeabilized (not shown). This indicated that these
6 proteins are not intrinsically protease resistant but indeed localize to the periplasmic
leaflet of the OM. In summary, this set of experiments localized BBA14 and BBB25 to the

FIG 1 Surface proteolysis of B. burgdorferi strains expressing a His-tagged lipoprotein library using proteinase K. Intact cells expressing the His-tagged
lipoprotein were treated with proteinase K or mock treated as described in the text. Cell lysates were then separated by SDS-PAGE, transferred to nitrocellulose,
and analyzed by Western blotting using anti-OspA or anti-FlaB mouse monoclonal antibodies (MAbs) or HisProbe-HRP reagent. Lipoproteins are organized
according to open reading frame (ORF) nomenclature (100, 101), with the common name of the protein listed if applicable (Table 1). pK�, untreated mock
control; pK�, proteinase K-treated sample. Parentheses flanking the ORF designation indicate the determined lipoprotein localization as follows: ))ORF, surface;
(ORF), periplasmic. A dot indicates proteins where the consensus localization was ultimately changed to the periplasm [●))ORF] or surface [(ORF)●] due to
independent data or follow-up pronase digestion (Fig. 3A). Determined molecular masses of the His-tagged proteins are indicated in Table 1.

FIG 2 Membrane fractionation of B. burgdorferi strains expressing a His-tagged lipoprotein library. Strains that were found to
express proteinase K-resistant recombinant lipoproteins were subjected to membrane fractionation using a hypotonic acidic
citrate buffer and sucrose gradient to obtain OMVs. Lipoproteins were then localized based on presence or absence in the OMV
fraction relative to control proteins. OMVs and PCs were separated by SDS-PAGE, transferred to nitrocellulose, and analyzed
by Western blotting using anti-OspA mouse MAb, anti-OppAIV rabbit polyclonal antiserum, or HisProbe-HRP reagent.
Lipoproteins are organized by open reading frame with the common name listed, if applicable. Note that the PC fraction is
the equivalent of a whole-cell protein preparation partially depleted of OM proteins (see the text). Parentheses flanking the
ORF designation indicate the determined lipoprotein localization as follows: (ORF, inner membrane; ORF), outer membrane.
The localization of BBA65 remains undetermined due to multiple isoforms with variable distributions. Determined molecular
masses of the His-tagged proteins are indicated in Table 1.
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surface de novo. BBA65 had been localized previously (74). In that study, the authors
found that BBA65 was susceptible to both pronase and proteinase K; the susceptibility
to proteinase K could be due to the higher concentration of proteinase K used (400
�g/ml). It also established BB0460, BB0475, BBB09, and BBG25 as additional bona fide
P-OM lipoproteins and confirmed the previous localization results for both BB0324 and
Lp6.6 (56, 73).

Localization of endogenously expressed lipoproteins by quantitative mass
spectrometry. To validate our lipoproteome expression library data with the localiza-
tion of lipoproteins endogenously expressed by B. burgdorferi, we employed quantita-
tive multidimensional protein identification technology (MudPIT) mass spectrometry to
analyze the lipoproteome of B. burgdorferi B31-A3 (109, 110). Our stock of B31-A3 was
shown by multiplex PCR (111) to contain all linear and circular plasmids except for lp5,
which is not predicted to encode any lipoproteins (54) (data not shown). Cells were
cultured and treated with proteinase K, as described above. To reduce the complexity
of the samples, the mock control and proteinase K-treated samples were enriched for
membrane-associated proteins by extraction with Triton X-114, as described previously
(107). Peptide abundance, expressed as the distributed normalized spectral abundance
factor (dNSAF) (112), was captured from two biological replicates and averaged. A com-
parison of the MudPIT results with the results from our His-tagged lipoprotein assays can
be seen in Table 1 and Fig. 4. Eighty-six of the predicted 127 lipoproteins were detectable
in B. burgdorferi B31-A3 after growth at 34°C in Barbour-Stoenner-Kelly II (BSK-II) culture
medium. Among them were 2 of the 3 lipoproteins that were not detectable as His-tagged
proteins, BB0536 and BB652 (SecD). The remaining 40 lipoproteins are most likely ex-
pressed below the levels detectable by MudPIT under the culture conditions used.

The relative abundance of proteins before and after proteolytic shaving, expressed
as a ratio of dNSAF values in the mock control versus the treated samples (dNSAF�pK/
dNSAF�pK), was calculated, ranging from 0.00 (BB0628) to 185.84 (BBA16/OspB). Eleven
lipoproteins were undetectable after proteolysis, resulting in an infinite (∞) ratio; for
analysis purposes, the values of these proteins were capped at the highest calculated
value (185.84). Plotting the dNSAF ratios for the surface and periplasmic lipoprotein
cohorts identified in the expression library showed a clear separation (Fig. 4). The
mean dNSAF ratio for periplasmic lipoproteins was 0.80 (range, 0.00 to 2.22), which
is below but close to the expected ratio of 1.0. One explanation is that surface
proteolysis yields a significantly less complex protein sample (Fig. 3B), which may

FIG 3 Surface proteolysis of B. burgdorferi strains expressing a His-tagged lipoprotein library using pronase.
(A) Intact cells expressing His-tagged lipoproteins that were determined to be proteinase K resistant but
enriched in the OM were subjected to surface proteolysis with pronase. Cell lysates were then separated
by SDS-PAGE and analyzed by Western blotting, as described in the legend to Fig. 1. Pronase �, untreated mock
control; pronase �, pronase-treated sample. Parentheses flanking the ORF designation indicate the determined
lipoprotein localization as in Fig. 1: ))ORF, surface; (ORF), periplasmic. (B) Coomassie-stained SDS-PAGE gel
of B. burgdorferi strain B31-A3 whole-cell protein preparations obtained before (�) or after (�) incubation
with proteinase K or pronase. Protein molecular masses, indicated to the left, were derived from a protein
molecular weight marker (Bio-Rad). An asterisk indicates a known proteinase K-resistant, but apparently
pronase-sensitive, fragment of integral OM protein P66 (108).
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lead to the “unmasking” of previously undetectable/unassignable peptides. Conse-
quently, the ratio’s numerator may be depressed relative to the denominator. The mean
dNSAF ratio for surface proteins was 60.00 (range, 0.00 to 185.84 [capped {see above}]).
Twelve surface-assigned lipoproteins had low dNSAF ratios around or below 1.0. Most
of the proteins in this cohort were members of the paralogous Mlp, Rev, and Erp
protein families that had shown at least partial resistance to proteinase K in our
experiments (Fig. 1) or prior studies (Table 1). Also, 4 of these proteins were subse-
quently shown to be accessible to in situ pronase digestion (Fig. 3A). As shown in Fig.
4, a dNSAF ratio of 2 or above is a high-confidence predictor for surface exposure. This
cutoff was statistically confirmed by a Mann-Whitney nonparametric U test using the
OriginPro 9.1 software suite. Parallel analysis of sequence coverage, i.e., the percentage
of protein sequence covered by detected peptides, before and after pK treatment also
showed that a reduction of 10% or higher was a statistically valid predictor of surface
exposure (see Fig. S1 and Table S2 in the supplemental material).

Reconciliation of independent localization data produces a consensus local-
ization catalog for the B. burgdorferi lipoproteome. Our lipoproteome expression
library contained 49 lipoproteins that had been independently localized prior to this
study (Table 1). The main rationale for their inclusion in the present study was to use
them as internal validation controls. For 41 lipoproteins, the current localization data
were in unequivocal agreement with published data. Three lipoproteins, BB0298,
BBA05/S1 antigen, and BBA34/OppA5, were more precisely localized within the
periplasmic compartment to the IM. Discrepancies with previously published localiza-
tion data were found for 8 lipoproteins, but all disagreements could be reconciled: (i)
a first set of 4 proteins was previously described as surface exposed but was found to
be restricted to the periplasm in our assays (Table 1). BmpB (BB0382), like the other
homologs of this protein family, was localized by us to the IM. An earlier study had
detected BmpB on the surface by immunofluorescence, albeit without controlling for
accidental permeabilization of the fragile spirochetal OM (63). OppA1 and OppA2
were also localized to the IM, as were the other homologs of that oligopeptide-

FIG 4 Scatter plot of MudPIT-derived dNSAF ratios of surface and periplasmic lipoproteins. Ratios of
dNSAF before treatment with pK to that after proteinase K treatment (dNSAF�pK/dNSAF�pK) were
calculated for 87 lipoproteins detected by MudPIT and plotted using GraphPad Prism. Horizontal lines
indicate the mean dNSAF ratios for surface and subsurface proteins. Note that (i) infinite dNSAF
values due to undetectable protein after pK treatment were capped at the highest calculated value
of 185.84 for BBA16/OspB and that (ii) surface-assigned proteins that are partially resistant to pK (Fig. 1;
see also the text) cluster with subsurface proteins (specific dNSAF values are given in Table 1).
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binding lipoprotein family. Again, prior studies had solely relied on immunofluores-
cence data without controlling for the integrity of the bacterial envelope (60, 61). The
fourth protein in this set, BBA03, was also found solely in the IM in the present study.
A prior well-controlled localization study remained equivocal in that BBA03 was found
by immunofluorescence to be partially surface exposed but at the same time was
protected from proteinase K in intact, but not permeabilized, cells (64). (ii) Two IM
lipoproteins, BB0227 and BBB27, were localized to the inner leaflet of the OM in one of
our earlier studies (57); we now believe that these localization results were erroneous
due to contamination of the OMV fraction and a less-stringent interpretation of the
data. (iii) BB0323 was localized by us to the IM but was identified by others as an OM
periplasmic lipoprotein (59). BB0323 was shown to undergo multistep proteolytic process-
ing in the periplasm (113). Consequently, upon protein maturation, any C-terminal epitope
tag will partition together with a C-terminal soluble fragment. Accordingly, we detected
only a 14-kDa fragment of the 44-kDa full-length protein in the PC fraction (Table 1). We
therefore defer to the previous work on BB0323 as a more accurate reflection of this
lipoprotein’s localization. (iv) Our final, but probably most intriguing, disagreement with
a previous finding was concerning BB0028. This lipoprotein was found to be at least
partially surface exposed in our work but has been previously described as a periplas-
mic OM associated with the OM beta-barrel assembly machinery (BAM) complex (56).
In other bacterial systems, BAM lipoprotein modules were shown to assume topologies
that expose their C termini on the bacterial surface under certain experimental condi-
tions (51, 114). Thus, we hypothesize that BB0028 transiently and partially (i.e., pre-
dominantly via its C terminus) localizes to the surface. Any excess of BB0028 in the B.
burgdorferi BAM complex may detectably shift the protein’s topological equilibrium
toward the cell surface.

The aggregation of the present and past data produces a comprehensive and
internally validated consensus catalog of lipoprotein localization within the B. burgdor-
feri envelope (Table 1). Of the spirochete’s 127 predicted lipoproteins within this set,
125 lipoproteins localize conclusively to either the surface (86), periplasmic leaflet of
the OM (8), or the IM (31). The remaining two predicted lipoproteins remained
undetectable as epitope-tagged proteins and could not be conclusively localized, but
one (BB0536) was detected by mass spectrometry, with a dNSAF ratio consistent with
periplasmic localization.

Reassessment of potential B. burgdorferi lipoprotein sorting motifs within the
N-terminal tethers. Our earlier studies indicated that lipoprotein tether peptides are
structurally similar in that they are intrinsically disordered. Yet, they lack any significant
peptide sequence homology beyond the N-terminal cysteine residue. Together with
our extensive mutational analyses, this led us to conclude that there are no specific
canonical peptide motifs that direct lipoproteins to the different envelope compart-
ments of B. burgdorferi (57). With the lipoproteome localization data in hand, we
decided to reopen this inquiry. Tether peptide sequences from the cohorts of surface,
periplasmic OM, and periplasmic IM lipoproteins were aligned and compared. Again, no
compartment-specific peptide motifs emerged from this analysis (Fig. 5). A recent study
of lipoprotein secretion in the Gram-negative pathogen Capnocytophaga canimorsus
showed that N-terminal patches of negatively charged Asp and Glu residues in the
proper sequential and positional N-terminal context can drive lipoprotein surface
localization, and that this surface lipoprotein secretion signal is conserved and recog-
nized in other members of the phylum Bacteroidetes (45). While we cannot fully exclude
a similar charge-based sorting mechanism in Borrelia, barring additional experimenta-
tion, we did not detect any positional conservation of negative charges in the 86 B.
burgdorferi surface lipoproteins (Fig. 5).

DISCUSSION

The lipoprotein repertoire of B. burgdorferi is exceptionally large, especially when
taking into account the spirochete’s small and fragmented genome. Compared to E.
coli’s 4-Mb circular genome with about 90 lipoprotein genes (46, 47), B. burgdorferi’s
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1.6-Mb genome spread across a linear chromosome, and a collection of linear and
circular plasmids encodes over 120 lipoproteins. Since the initial identification of OspA
and OspB as common surface antigens of Lyme disease spirochetes (67, 115) 3 decades
ago, numerous studies have shown that lipoproteins play an outsized and multifunc-
tional role as virulence factors in the transmission, colonization, dissemination, and
persistence of Borrelia burgdorferi and the resulting pathology of Lyme disease. Fol-
lowing the precedent of OspA and OspB, much of the research focus has been on
identifying additional surface lipoproteins that contribute to B. burgdorferi’s interface
with the tick vector or host and could serve as vaccine targets. Thus, it may be not
surprising that 36 of the 47 additional lipoproteins that were subsequently studied
localized to the surface. Together, these studies yielded a rather limited and potentially
biased data set, covering less than 40% of the predicted B. burgdorferi lipoproteome. In
the present study, we have closed this gap in our understanding of the complex cell
envelope of B. burgdorferi by providing spatial information on 98% of its predicted
lipoproteome.

Correlation of gene and protein localization. It has been noted earlier that B.
burgdorferi’s megabase linear chromosome, and to some degree the cp26 minichro-
mosome, tend to contain essential genes, while the remainder of the circular and linear
plasmids appear to be nonessential for growth in culture (101, 116–119). While this
generalization at least partially extends to the lipoproteins encoded by these replicons,
there is a remarkable correlation of gene localization and protein localization: 79 of the
90 plasmid-encoded lipoproteins (88%) are surface exposed, while only 7 out of the 37
chromosomally encoded lipoproteins (19%) are found on the surface (Table 1). This
dichotomy is understandable when considering the biological function and primary
protein sequence. Many of the plasmid-encoded lipoproteins share significant homol-
ogy, which has led to their organization into “paralogous gene families” (101). Instruc-
tive examples are the Erp, Mlp, and Pfam54 lipoproteins encoded on the multiple

FIG 5 Sequence alignment of B. burgdorferi surface, periplasmic OM, or IM lipoprotein tether peptides. A LogoBar (153) representation of the N-terminal
sequence of known or predicted mature B. burgdorferi lipoproteins (54) illustrates the maintained complexity of surface (S), periplasmic OM (P-OM), and
periplasmic IM (P-IM) lipoprotein tether peptides. The height of each column, measured in bits, is proportional to the lack of complexity at a given position.
The columns are stacked from the bottom starting with the most frequently occurring residue at that position and continuing upward. Below each column are
the six most frequently occurring residues at each position, in order of frequency from top to bottom. Colors indicate residues with similar characteristics (e.g.,
red for negatively charged Asp and Glu residues).
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prophage-related B. burgdorferi cp32/lp56 plasmids (101, 120–122). Overall, 62 of the 86
surface lipoproteins (72%) belong to a paralogous group. In contrast, only 14 of the 39
periplasmic lipoproteins (36%) have other paralogs (101) (Table 1). This well-titrated
variability and redundancy in surface lipoproteins may stem from the need of B.
burgdorferi to adapt to a multitude of environments during its enzootic cycle. Chro-
mosomally encoded but surface-localized BB0352 and BB0689 were identified to
possess putative sugar- and lipid-binding domains by the HHpred algorithm (123). This
suggests that surface lipoproteins encoded by essential genetic elements play house-
keeping or metabolic roles. Similarly, subsurface lipoproteins located on nonessential
plasmids seem to have a role in transmission and virulence. BBJ47, which we localized
to the IM, was identified by HHpred to belong to Pfam17044. This groups BBJ47 with
the B. burgdorferi BptA proteins and suggests a role in tick persistence (124).

Correlation of lipoprotein localization to in vivo expression and immunogenic-
ity. To gain further insight into the biological significance of our data, we explored
potential correlations of lipoprotein spatial compartmentalization with temporal ex-
pression and immunogenicity (Table 1). Our working lipoproteome data were first
cross-referenced with a previous study that examined the reactivity of Lyme borreliosis
patient versus control sera to various B. burgdorferi proteins (125). Forty-three of the
127 lipoproteins were found in that study to be immunogenic (Table 1). Next, we
referenced our data set against a study that looked at the transcription of B. burgdorferi
genes at various stages of the spirochete’s enzootic cycle, using an RNA-hybridized
microarray assay that was validated through reverse transcription-quantitative PCR
(qRT-PCR) (126). Fifty-three lipoproteins, mostly plasmid encoded and surface localized,
were found to have varied roles in the infectious cycle based on significantly different
levels of transcripts during tick acquisition, tick persistence, vertebrate transmission,
and vertebrate persistence (Table 1). Of note, this data mining approach neglects any
proteins that may be essential to the cell but are not differentially regulated between
environments. Immunogenic surface lipoproteins expressed during tick acquisition, tick
persistence, or vertebrate transmission may work in a preventive setting, similarly to the
FDA-approved but no-longer-available OspA vaccine (127). Within this group are BBA04
(S2 antigen), BBA07, BBA16 (OspB), BBB19 (OspC), BBK53, and BBL40 (ErpO). Both OspB
and OspC have previously been shown to elicit protection when used to immunize
laboratory mice (128, 129). Of the remaining four lipoproteins (BBA04, BBA07, BBK53,
and BBL40), BBA07 has been implicated in transmission from the tick to vertebrate host,
and BBL40 is part of the Erp protein family, a group of lipoproteins implicated in factor
H binding and complement resistance (66, 130).

Mechanistic insights into tether peptide-mediated lipoprotein sorting in di-
derm bacteria. Our results show that two-thirds of the lipoproteins expressed by B.
burgdorferi are exported to the cell surface, while the remaining periplasmic lipoproteins
are mostly retained in the inner membrane. Whereas the periplasmic OM lipoprotein Lp6.6
is among the most abundant envelope proteins (131), the relative simplicity of the B.
burgdorferi lipoproteome in the inner leaflet of the OM is unexpected. In E. coli, an organism
with a diderm membrane architecture similar to that of B. burgdorferi, most of the lipopro-
teins are exported to the OM as well (132), but the majority are not surface exposed (133).
A generalization that lipoprotein surface exposure is rare and limited appears to hold for
most diderm bacteria, with the emerging exception of the Gram-negative Bacteroidetes,
such as Bacteroides fragilis and C. capnocytophaga (43, 45). Yet, the identified charge-
based C. capnocytophaga lipoprotein secretion signals appear to be restricted to that
phylum (45), and the B. burgdorferi surface localization determinants identified in our
own studies appear to extend only to other members of that expanding genus (99).
This hints at significant mechanistic differences in lipoprotein secretion between
Gram-negative bacteria and spirochetes. Our current data remain compatible with a
lipoprotein secretion model that includes two separate secretion checkpoints: the first
checkpoint is set up in the inner membrane (IM), where some lipoproteins are retained
and others are released to the OM after completion of N-terminal processing. Whether
lipoprotein retention and release are generally mediated by the partial B. burgdorferi Lol
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pathway (1) and dependent on specific N-terminal tether peptide residues is under
investigation. Alternatively, release from the IM may be hindered by functional inter-
actions of folded IM lipoproteins with other IM protein complexes. Multiple lines of
evidence point to a similar exclusion mechanism at the second checkpoint in the OM,
where periplasmic lipoproteins are blocked from “flipping” through the OM due to
assumption of their final tertiary structure (57, 76, 92–94). The B. burgdorferi BAM
protein BamA was shown to be at least indirectly involved in this process (134), and it
remains to be determined if/how the other identified B. burgdorferi BAM complex
proteins (56, 114), including the IM protein TamB (135), play a role in lipoprotein
secretion. Recent work has shown that some Neisseria surface lipoproteins are secreted
to the surface through the lumen of beta-barrel integral OM proteins (44), but ho-
mologs are missing from Borrelia genomes. Together, this supports our earlier notions
that lipoprotein secretion pathways in Borrelia spirochetes are unique.

Conclusions. We have comprehensively localized the B. burgdorferi lipoproteome
using an epitope-tagged expression library and validated our findings by proteomics
and by reconciling our data with prior independent protein localization data. The
approaches used, such as the initial reliance on C-terminal epitope tags for protein
detection, are not without limitations that will be eliminated only with the generation
of protein-specific antibodies and further in-depth studies of the newly localized
proteins. Yet, we are confident that the consensus B. burgdorferi lipoproteome local-
ization catalog presented here reflects the proteins’ native partition in the spirochetal
cell envelope. Lyme borreliosis remains the most common vector-borne illness in the
United States and is common throughout temperate climates in the Northern Hemi-
sphere, and there are continuing efforts to improve diagnostics and preventive mea-
sures. Placing our lipoproteome localization data into the context of genome- and
proteome-wide studies may facilitate the identification of additional diagnostic targets
and vaccine candidates. The proteomic localization data presented here also provide a
predictive framework for proteomic studies of host-pathogen interfaces and envelope
structures of other members of the ever-expanding Borrelia genus, including the
relapsing fever spirochete Borrelia miyamotoi (136, 137) and the recently described
North American Lyme disease spirochete Borrelia mayonii (138, 139).

MATERIALS AND METHODS
Bacterial strains and culture conditions. E. coli strains TOP10 and DH5� (Invitrogen) were used for

plasmid cloning and propagation. E. coli was grown in LB-Miller broth or on LB-Miller agar plates (BD
Difco) at 37°C, supplemented with 50 �g/ml kanamycin (Sigma-Aldrich) as necessary. B. burgdorferi strain
B31-e2, a high-passage-number noninfectious clone of the type strain B31 (140) (provided by Brian
Stevenson, University of Kentucky, Lexington, KY), was chosen due to its amenability to transformation
and established use in lipoprotein localization assays (57, 76, 94). Additionally, low-passage-number
infectious B. burgdorferi B31-A3 (109) (provided by Patti Rosa, NIH/NIAID Rocky Mountain Laboratories,
Hamilton, MT) was used for proteomic analysis of cellular protein fractions by multidimensional protein
identification technology (MudPIT) mass spectrometry. B31-A3 was confirmed to contain all linear and
circular plasmids characteristic of strain B31, with the exception of lp5, using a set of multiplex-PCR-
compatible oligonucleotide primers (111) (data not shown). B. burgdorferi B31-e2 and B31-A3 were
maintained in BSK-II complete medium at 34°C containing 300 �g/ml kanamycin, as necessary (141, 142).
Recovery of B. burgdorferi transformants was performed using semisolid BSK-II medium as described
previously (142), with plates incubated at 34°C in a humidified 5% CO2 atmosphere until the develop-
ment of colonies.

Construction of an epitope-tagged B. burgdorferi lipoprotein expression library. A total of 127
B. burgdorferi type strain B31 lipoproteins were selected for the study based on the cumulative list of
probable, possible, and false-negative lipoprotein genes identified by the SpLip algorithm (54) (Table 1);
of note, this algorithm-based list omits some lipoproteins, such as the variable surface lipoprotein VlsE
(143). Genomic DNA from cultured low-passage-number infectious B. burgdorferi B31-A3 was isolated
(Promega Wizard genomic DNA [gDNA] kit), and lipoprotein genes were amplified by PCR using Phusion
HF enzyme (New England BioLabs) with gene-specific oligonucleotide primers (Integrated DNA Tech-
nologies) containing 5= NdeI and XmaI restriction site extensions, respectively (see Table S1 in the
supplemental material). The resulting PCR amplicons were digested with NdeI and XmaI and ligated into
pSC:LP (Fig. 6), a vector backbone derived from recombinant plasmid pSC1000 (57) by digestion with
NdeI and XmaI. pSC1000, a derivative of the B. burgdorferi-E. coli shuttle vector pBSV2 (144), expresses the
lipoprotein OspA (BBA15) under the constitutive flagellin promoter (PflaB) with a C-terminal His tag; the
NdeI (CA=TATG) and XmaI (C=CCGGG) sites are within the start codon and the His tag linker, respectively.
Due to Borrelia DNA being about 70% AT, this approach allowed for the direct amplification by PCR and
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in-frame cloning of 115 Borrelia lipoprotein genes. Ten lipoprotein genes containing internal NdeI
sequences were amplified and cloned using a modified forward PCR primer that produced an amplicon
with a 5= blunt end compatible with the pSC:LP NdeI site filled in using Klenow (Fig. 6). BB0352 and
BBB16 (oppA4) were cloned under their native promoters, taken to be within about 150 bp upstream of
their respective start codons. Recombinant plasmids were recovered from cultured E. coli transformants
using the QIAprep spin kit, according to the manufacturer’s instructions (Qiagen), and screened for the
expected insert by PCR using Taq polymerase and a primer pair complementary to pSC:LP sequences 5=
of the NdeI site and 3= of the XmaI site, respectively (pSCreen-fwd, 5=-AAGGATTTGCCAAAGTCAG-3=;
pSCreen-rev, 5=-GTAAAACGACGGCCAG-3=) (Fig. 6 and Table S1). PCR-positive clones were sequenced
to verify the expected insert sequence (ACGT; Eton Bioscience). E. coli clones harboring the verified
recombinant plasmids were stored in LB containing 15% (vol/vol) glycerol at �80°C.

Next, B. burgdorferi B31-e2 was transformed with the verified plasmids by electroporation (145),
cloned by plating in semisolid BSK-II medium, and expanded in liquid BSK-II medium as described
previously (76). Cultures of putative transformants were screened by both PCR using gene-specific
primers (see Table S1) and by Western blotting of whole-cell lysates with the HisProbe-HRP reagent
(Thermo Fisher), according to the manufacturer’s instructions. Clones that expressed epitope-tagged
protein were then expanded in BSK-II medium and used in subsequent assays. Verified B. burgdorferi
clones were stored in BSK-II medium containing 10% (vol/vol) dimethyl sulfoxide (DMSO) at �80°C (142).

Surface proteolysis of intact B. burgdorferi spirochetes. Proteolytic shaving of intact spirochetes
with proteinase K was performed as described previously (57, 76, 94, 146), with minor modifications.
Treatment of cells with pronase (Roche) was performed in accordance with previously published protocols
(84, 107) but used the manufacturer’s currently recommended reaction conditions (catalog no.
10165921001, version 07; Roche). Briefly, cells were grown at 34°C to late-logarithmic phase in BSK-II
medium and harvested by centrifugation at room temperature using a centrifugal force not exceeding
3,000 � g using a Sorvall Legend RT centrifuge. Cells were then washed once by resuspension in sterile
room-temperature Dulbecco’s phosphate-buffered saline (dPBS) containing 5 mM MgCl2 (dPBS � Mg)
and repelleted. Cells were then resuspended in dPBS � Mg with either distilled water (dH2O) (mock),
proteinase K (Invitrogen, 200 �g/ml final concentration), or pronase (1 mg/ml final concentration; Roche
Life Sciences). Proteinase K-containing samples and respective controls were incubated for 1 h at room
temperature, and reactions were stopped after 1 h by adding phenylmethylsulfonyl fluoride (PMSF) to a
final concentration of 5 mM (147, 148). Pronase-containing samples and respective controls were
incubated for 2 h at 37°C, and reactions were stopped by addition of EDTA, PMSF, and Pefabloc SC to
1 mM, 0.2 mM, and 0.8 mM final concentrations, respectively. Subsequently, cells were pelleted by
microcentrifugation, resuspended in SDS-PAGE sample buffer containing 50 mM dithiothreitol (DTT; final
concentration), boiled for 5 min, and stored at �20°C until analysis by SDS-PAGE (149).

Isolation of B. burgdorferi OMVs. OMVs from spirochetes were isolated as previously described (57,
76, 94, 106). Briefly, cells were grown to early exponential phase, harvested, and washed with dPBS
containing 0.1% (wt/vol) bovine serum albumin. Cells were then resuspended in 25 mM sodium citrate
(pH 3.2) containing 0.1% (wt/vol) bovine serum albumin (BSA) (citrate buffer � BSA). Cell suspensions
were shaken for 2 h at room temperature in a New Brunswick C24 incubator at 250 rpm to release OMVs,
at which point the cell suspension was harvested, resuspended in citrate buffer � BSA, and loaded onto

FIG 6 Plasmid map of the B. burgdorferi lipoprotein expression library vector backbone pSC-LP. pSC-LP is
a derivative of the B. burgdorferi-E. coli shuttle vector pBSV2 (57, 144) that drives expression of cloned genes
using the B. burgdorferi flaB promoter (PflaB) and provides a C-terminal hexahistidine tag preceded by a
flexible 6-amino-acid linker peptide. Restriction enzyme sites and primer sequences used for amplification
and cloning of lipoprotein genes are indicated (see also Table S1 and the text).
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a discontinuous 56/42/25% (wt/wt) sucrose gradient in citrate buffer without BSA. Cell suspensions were
centrifuged at 100,000 � g for 18 h at 4°C in a Beckman Coulter XPN-80 ultracentrifuge using a SW 32
Ti rotor and Beckman UltraClear tubes, and the resulting upper (OMV) bands and lower (protoplasmic
cylinder [PC]) bands were separated by needle aspiration. Fractions were diluted in cold dPBS, repelleted
separately, and then resuspended in dPBS containing 1 mM PMSF. A portion of the resuspended fractions
was used to prepare SDS-PAGE samples and stored at �20°C after boiling. The remainder of the sample
was stored at �80°C for later analysis.

SDS-PAGE analysis and immunoblotting. SDS-PAGE analysis and immunoblotting were performed
as described previously (57, 76, 94). Protein samples were prepared as described above and separated
using a 12% SDS-polyacrylamide gel (Bio-Rad). After transfer, gels were either Coomassie stained for total
protein determination (EZ-Run protein gel staining solution; Fisher) or were transferred to nitrocellulose
membranes (Amersham, GE Healthcare) using a Trans-Blot SD apparatus (Bio-Rad). Membranes were
then blocked posttransfer with either 5% (wt/vol) nonfat dry milk or 2.5% (wt/vol) BSA and probed with
mouse anti-FlaB (1:300 dilution; catalog no. H9724 [150]), mouse anti-OspA (1:1,000 dilution; catalog
no. H5332 [67]), rabbit polyclonal anti-OppAIV (1:1,500 dilution [151]), or the HisProbe-HRP reagent,
according to the manufacturer’s instructions. H9724 and H5332 antibodies were a gift from Alan
Barbour (University of California at Irvine, CA), and anti-OppAIV antibody was generously provided by
Patricia Rosa (NIH/NIAID Rocky Mountain Laboratories, Hamilton, MT). Blots were treated with corre-
sponding alkaline phosphatase (AP)-conjugated secondary antibodies (1:30,000 dilution; catalog no.
A3562 and A3687; Sigma-Aldrich) and developed using LumiPhos (Thermo Fisher, now discontinued) or
Immun-Star AP (Bio-Rad). Blots probed with HisProbe-HRP reagent were developed with SuperSignal
West Dura reagent (Thermo Fisher). Signals were detected and captured using a Fujifilm LAS-4000
charge-coupled-device (CCD) imager and further processed with Adobe Photoshop CS6.

Analysis of protein fractions by MudPIT. Localization of lipoproteins endogenously expressed
under standard culture conditions was determined using multidimensional protein identification tech-
nology (MudPIT) mass spectrometry (152). B. burgdorferi B31-A3 cells were subjected to surface prote-
olysis with proteinase K, as described above. Membrane-associated proteins were then enriched by
overnight extraction of the mock- and proteinase K-treated samples with Triton X-114, as described
previously (107). The washed detergent extracts were then precipitated overnight using acetone (80%
[vol/vol]), resuspended in 0.1 M Tris-HCl (pH 8.5), and precipitated again overnight using trichloroacetic
acid (TCA; 20% [vol/vol]). The addition of acetone precipitation in the protocol was necessary to
effectively remove detergent prior to analysis by MudPIT. Two biological replicates of the resulting
desiccated frozen protein samples were then submitted for MudPIT analysis (Proteomics Center, Stowers
Institute for Medical Research, Kansas City, MO). Resuspended protein samples were digested with
endoproteinases Lys-C (Roche) and trypsin (Promega) at 0.1 �g/�l final concentration each. The
protease-digested samples were then analyzed by MudPIT on an LTQ linear ion trap (Thermo Scientific)
coupled to a Quaternary Agilent 1100 series high-performance liquid chromatograph (HPLC) (110).
Protein content in mock control versus proteinase K-treated whole-cell protein preparations was
analyzed by comparison of the average distributed normalized spectral abundance factor (dNSAF) for
each unique protein, which correlates directly with the relative abundance of a particular protein in the
sample (112). A dNSAF ratio of control to protease-treated sample (dNSAF–pK/dNSAF�pK) was calculated
for each detected protein. Theoretically, a ratio of 1 indicates that the protein is as abundant after surface
proteolysis as before, i.e., not susceptible to proteinase K due to either periplasmic localization or intrinsic
resistance to protease. Conversely, a ratio greater than 1 indicates that a protein is less abundant after
proteolytic shaving, i.e., is surface exposed.

Accession number(s). All mass spectrometry data are available from the ProteomeXchange re-
pository under accession number PXD005617 (http://proteomecentral.proteomexchange.org/cgi/
GetDataset?ID�PXD005617).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JB.00658-16.

TEXT S1, PDF file, 0.8 MB.
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